ABSTRACT Gap waveguide (GW) is a promising technology for its advantages of self-package and easy assembly without the requirement of contact. In this paper, a miniaturized groove GW (GGW) called slow-wave GGW (SW-GGW) is presented for the first time. The slow-wave feature is implemented by introducing symmetrical capacitive quasi-periodic corrugations inside the GGW. To obtain more design and manufacturing flexibility, all the four walls of the SW-GGW are separated utilizing the gap waveguide technology. A six-order iris SW-GGW band-pass filter is designed, whose length is reduced to 57.1% of the conventional iris rectangular waveguide filter with the same response. The irises of the SW-GGW filter are located on the broad-side walls in half-height form. This configuration not only reduces the manufacturing complexity but also makes it possible to implement filter with different responses by simply replacing the broad-side walls. The measured fractional bandwidth (FBW) of the SWGGW filter is around 3.88% at 11.87 GHz with the return loss better than 18 dB and minimum insertion loss of 0.5 dB.
I. INTRODUCTION
Gap waveguide (GW) technology has received much attention recently due to its non-contact characteristic. Compared to its rectangular waveguide (RW) counterparts, GW circuits eliminate the strict requirement of good surface contact between the sub-components while assembling [1] . The non-contact characteristic is achieved by placing a perfect electric conductor (PEC) plate and a perfect magnetic conductor (PMC) plate in parallel with a permitted air gap to construct an electromagnetic band-gap (EBG) structure. The cutoff wavelength is four times of the distance of the two plates. The PMC plate is commonly realized by an artificial magnetic conductor (AMC) plate with periodic elements, such as periodic metal pins, so-called bed of nails, or mushroom-type conductive elements. Taking advantage of the non-contact characteristic, GW technology has been widely applied to design various microwave and millimeter wave circuits, such as PMC packaging of planar circuits [2] - [4] , GW antennas [5] - [7] , couplers [8] , [9] , The associate editor coordinating the review of this manuscript and approving it for publication was Yingsong Li. contactless waveguide flanges [10] , configurable or bendable GWs [11] , and waveguide connectors with low passive-intermodulation [12] .
Groove GW (GGW) band-pass filters (BPF) using high-Q GW cavity resonators is a research hotspot and have been extensively investigated [13] - [20] . The biggest difference among the reported filters is the coupling mechanism. The coupling coefficients of adjacent resonators are commonly controlled by tuning the heights of the intermediate pins [14] - [16] , and the displacement of the resonators [17] , [18] . The transmission and reflection performances of the GGW BPF are very close to their RWG counterparts. The metal pins in these filters are generally as high as the narrow wall of the GGW, posing a difficulty for low-cost manufacturing. As an alternative of conventional iris RWG BPF, an iris GGW BPF was presented in [19] . In [20] , a novel GGW called full-GGW, consisting of four individual plates, two AMC plates and two PEC plates, was presented and applied to design a capacitive iris BPF. The irises of the full-GGW BPF are arranged along its broad-side walls. The widths of the irises are narrower than the width of the wide wall for better manufacturing flexibility. The narrowed irises results in Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
a reduction of isolation of adjacent cavity resonators. So it is not suitable for designing narrow band BPF. Another problem facing all the above filters is that manufacturing the large amount of pins is quite time consuming, making it not suitable for mass production. Therefore, it is necessary to develop some measures to reduce the dimension of the GGW.
Slow wave waveguide with periodic corrugations/ridges loading inside is widely used in substrate integrated waveguide circuits [21] , traveling-wave tube devices [22] and horn antennas [23] . In this paper, slow-wave GGW (SW-GGW) with symmetrical E-plane quasi-periodic corrugations is introduced to GW circuits for the first time. The dispersion performance of the SW-GGW is investigated and an iris SW-GGW BPF centered at 11.9GHz is designed. The irises are divided into two halves for the convenience of processing. A prototype of the iris SW-GGW BPF is manufactured and tested. The measured insertion loss (IL) of iris SW-GGW BPF is better than 0.8dB with its return loss (RL) greater than 18dB. The longitudinal dimension of the proposed BPF is reduced to be 57.1% of the classical iris filter.
This paper is organized as follows. In section II, the design of the contactless EBG structure and the GGW are presented, respectively. In section III, the dispersion performance of the SW-GGW is carefully investigated. In section IV, the design procedure of the iris SW-GGW BPF is presented. Finally, in section V, a short conclusion and discussion is presented.
II. SLOW-WAVE GAP WAVEGUIDE

A. GEOMETRY OF THE PROPOSED GGW
The geometry of the proposed GGW is shown is Fig.1 . The GGW is composed of four separate metal plates, which includes two smooth plates and two plates with AMC surfaces on its both sides. The AMC surface is in the form of bed of nails.
The port width and height of the gap waveguide are a and b, respectively. In this work, the port dimension of the gap waveguide is chosen to be the same as WR75 RWG, which is 19.05mm × 9.525mm. The dimension of the metal pins is w × w × h p . The distance of the air gap of two adjacent pins is g, and the height of air gap between pins and E-plane walls is h a . The air gap is achieved by four convex square metal pins with height of h a along the edges of the smooth metal plates as shown in Fig. 1(b) . The smooth metal plates and the AMC metal plates are assembled together to form the complete GGW. To avoid misalignment while assembling, two dowel pins are used.
B. DESIGN OF THE EBG STRUCTURE AND THE GGW
The design target here is a GGW with the same inner dimensions of WR75 waveguide. The first step is to determine the dimensions of the contactless EBG structure. There are some guidelines for the design procedure. The height of the bed of nails should be quarter of the wavelength of the center frequency of the stopband. The center frequency of WR75 waveguide is about 12.5GHz and its wavelength is 24mm in free space. The height of the bed of nails should be 6mm. Considering that the two AMC surfaces are arranged back to back on the narrow wall, the total height of the bed of nails is 12mm, which is about 2.5mm thicker than the width of the narrow wall (9.525mm). So, the height of the bed of nails should be reduced. There is a tradeoff between the height of the pins and the width and period of the pins. If the width or the period of the pins is increased, the stopband of the EBG structure will move toward the lower frequency band. The diagonal length of adjacent pins, √ 2 g, should be smaller than half wavelength of the operation frequencies [20] . Otherwise, vertically polarized electromagnetic wave will be excited between the gaps of the pins. In this work, g should be smaller than 7.1 mm for the operating frequency band of WR75 RWG. A smaller value g = 4.1mm is selected here to leave sufficient stopband margin above 15GHz. The width of the metal pins is selected as w = 5.2mm. Considering that the periodic pins are located on both sides of the narrow-side walls, the metal pins should not be made too long in order to maintain good structural strength and to reduce the manufacturing difficulty. The height of the bed of nails is set to 2.5mm. A unit cell of the contactless EBG structure is shown in Fig. 2 . Millimeter-wave simulation software CST studio is used to calculate the dispersion performance of the EBG structure. Simulated dispersion diagrams of the unit cell are depicted in Fig.3 , where the lowest three modes are included. There is a stopband between mode 1 and mode 2, which ranges from 7.7GHz to 22.5GHz covering the entire WR75 waveguide frequency band. Then, the transmission performance of the GGW is calculated using the unit cell of the GGW shown in Fig. 4 . Fig. 5 shows the simulated dispertion diagrams of the GGW including the lowest 7 modes. Mode 1, 2, 3, 4 and 5 are the modes supported by the EBG structures, while mode 6 and 7 are modes inside the GGW. For comparison, the dispersion curve of the TE 10 mode of WR75 waveguide is also illustrated in Fig. 5 . The dispersion curve of mode 6 is almost the same as the TE 10 mode of WR75 waveguide. It indicates that the transmission mode of the GGW is very close to its RW counterpart.
C. DESIGN OF THE SW-GGW
It is well known that transmission lines with period loadings will divide its transmission frequency bands into passband and stopband alternatively [24] , [25] . Because of the inductive or capacitive loadings, extra phase changes are added to the transmission line periodically. The passband of the transmission line will show quick-wave or slow-wave effect respectively.
In our work, capacitive metal corrugations are introduced on the broadside walls of the GGW to achieve the slowwave effect for the sake of size reduction. Fig. 6 shows the configuration of the SW-GGW with its top broadside wall removed. Two columns of transverse metal corrugations are symmetrically arranged on the top and bottom broadside walls of the GGW. The dimension of the transverse corrugations is w c × t c × h c and the loading period is d c . Because the dispersion performance of the GGW is very close to the RW, unit cell of the slow-wave rectangular waveguide (SW-RW), as shown in Fig. 7 , is used to calculate the dispersion performance of the SW-GGW. Fig. 8 shows the simulated propagation constants of the SW-RW versus the size of the corrugations and its loading period. It is obvious, the height of the corrugations, h c , is the major dimension that affects the propagation constant. With the increase of h c , the passband of the SW-RW moves towards lower frequencies, and the propagation constant at the same frequency increase rapidly.
III. DESIGN OF SW-GGW BPF A. CONFIGURATION
On the basis of the proposed SW-GGW, a new iris BPF configuration is presented, and its geometry is shown in Fig. 9 . Excepting the corrugations, the SW-GGW is the same as the one in Fig. 6 . Symmetrical irises pairs in half-height form are arranged on the top and bottom broad-side walls of the SW-GGW. An air gap leaves between the half-height irises to make the iris pairs do not need direct contact. The coupling factor can be tuned in a large range by simply changing the width of irises. This feature makes it suitable for the design of both wideband and narrowband filters. It is obvious that the longitudinal dimension of the BPF can be reduced significantly due to slow-wave effect of the SW-GGW. It should be noted that the corrugations and the irises are both located on the broad-side walls. The response of the BPF can be changed by replacing the broad-side walls easily, while the narrowside walls can be reused.
The corrugations are loaded at the center of two adjacent irises. The dimensions of the half-height irises are w i ×t ×h(i = 1, 2, 3, 4). The thickness of the air gap between a pair of irises located on the top and bottom broad-side walls is g b . The distance between the irises pairs and narrow-side walls is g a . The dimensions of the corrugations are w c × t c × h i (i = 1, 2, 3). To introduce sufficient slow-wave effect, the height of the corrugations should be carefully determined. Firstly, the pass-band of the SW-GGW should cover the passband of the BPF. Secondly, the propagation constant should be as large as possible. Considering these two conditions, the thickness of the corrugations is fixed to 2mm. The width of the corrugations is chosen to be 8.5mm to leave enough space between corrugations and irises for the convenience of milling processing. The air gaps g a and g b are fixed to be 0.52mm and 0.40mm, respectively. The thickness of the irises is t = 2.5mm. The distance between two adjacent irises is chosen to be the same as the period of the corrugations, d c = 9.3mm. 
B. DESIGN PROCEDURE
Because the propagation constant of the SW-RW is very close to the SW-GGW with the same inner dimensions, SW-RW is used to replace the SW-GGW to accelerate the design process of the SW-GGW BPF. The design method of classical iris RWG BPFs is still useful for our design [26] , [27] . In order to achieve the desired band-pass specifications, three variables need to be calculated at first. They are resonant frequency f 0 of each resonator, coupling coefficient k between adjacent resonators and external quality factor Q ex of the first and last resonators.
The two SW-RW resonators in Fig. 10 are utilized to simulate the resonant frequency and coupling coefficient. The resonant frequency f 0 and coupling coefficient k are calculated using the following equations [26] :
where f 1 and f 2 are the two eigenmodes of the resonators calculated using the eigenmode solver of ANSYS HFSS. The sign of the coupling coefficient k is not taken into account here because it is only meaningful for cross-coupled resonator filters. The curves of resonant frequencies and coupling coefficients with different widths of irises and heights of corrugations are plotted in Fig. 11 . All the other parameters in the model remain unchanged. It shows that the desired resonant frequency and coupling coefficient can be obtained by properly choosing the two dimensional parameters. This curve can be applied to determine the initial dimensions of the resonator by numerical interpolation.
The external quality factor Q ex of the first and last resonators is simulated using the structure in Fig. 12 . It is calculated using [26] 
where ω 0 is the resonant frequency (rad/s) and τ m is the group delay of S 11 . It can be determined by locating the frequency of the maximum group delay of S 11 . Fig. 13 shows the relationship between external quality factor Q ex and the coupling aperture size w ir . On the basis of the above simulated results, a six-order Chebyshev SW-GGW BPF with a pass-band ripple of 0.01dB is designed. The 3-dB fractional bandwidth (FBW) is chosen to be 5.22% at the center frequency of 11.88GHz. The lowpass prototype element values are: g 0 = g 7 = 1, g 1 = g 6 = 0.8717, g 2 = g 5 = 1.6645, g 3 = g 4 = 1.9407. The coupling coefficient k and external quality factor Q ex are calculated using the following equations [26] :
The calculated coupling coefficients are k 12 = k 56 = 0.0433, k 23 = k 45 = 0.0290, k 34 = 0.0269. The external quality factor Q ex = 16.7032.
The initial values of the key dimensional parameters of the SW-RW BPF are obtained according to coupling coefficient and external quality factor curves in Fig. 11 and Fig. 13 . An overall optimization about the key dimensional parameters, including the heights h i of the corrugations and the width w i of the irises, is carried out using gradient method with the help of ANSYS HFSS. After the optimization, the narrowside walls of the BPF are replaced by the EBG structure and the SW-GGW BPF is obtained. The dimensional parameters are slightly tuned to achieve the optimum performances. The optimized dimensional parameters are as follows: h 1 = 2.25mm, h 2 = 2.94mm, h 3 = 3.04mm, w 1 = 2.06mm, w 2 = 4.71mm, w 3 = 5.20mm, w 4 = 5.27mm. The total length of the SW-GGW BPF is 58.3mm. For comparison, a classical full-height iris RWG BPF with the same response is also designed using WR75 RWG. The length of the RWG BPF is 102.1 mm. Fig. 14 shows the frequency responses of the synthesized ideal six-order Chebyshev BPF, the SW-GGW BPF and the classical iris RWG BPF. The results agree well with each other. For simplicity, the conductor loss and surface roughness are not considered in the simulation process. It is worth mentioning that the length of the SWGGW BPF is reduced to 57.1% of the classical RWG BPF.
IV. FABRICATION AND MEASUREMENT
In order to validate the performances of the proposed SW-GGW BPF, a prototype of the SW-GGW BPF is manufactured successfully. The SW-GGW BPF is assembled together and fixed up using eight screws. Photographs of the manufactured prototype before and after assembling are illustrated in Fig. 15 . A pair of SMA-to-WR75 RWG transitions is employed in the measurement. The effects of the transitions have been calibrated using a through-reflection-line (TRL) calibration kit..
The measured and simulated S-parameters of the proposed BPF prototype are both given in Figure 16 for comparison. The measured IL is better than 0.8 dB with RL better than 18 dB from 11.64 GHz to 12.1 GHz. The minimum IL is 0.5dB in the pass band. Good agreement has been achieved between the simulation and measurement, demonstrating the correctness of the design method. Performances of this work and some typical GGW BPFs in the literature are compared in Table 1 .
V. CONCLUSION
SWGGW is proposed for the first time and its dispersion performance has been carefully investigated. It shows advantages in minimizing the longitudinal dimension of GGW circuits and reducing their manufacturing time and cost. To validate its performance, a six-order iris SW-GGW BPF, constructed by four separate walls, has been designed and manufactured. The corrugations and half-height irises are arranged on the broad-side walls of the filter to provide good manufacturing flexibility. This arrangement also provides a practical way to fabricate filters with different responses by simply replacing the broad-side walls. The measured results of the SW-GGW BPF agree well with the simulated ones. Compared to the reported GGW BPFs, the length of the proposed SW-GGW BPF is significantly reduced.
